Purposeful motion of biological processes can be driven by Brownian motion of macromolecular complexes with one-sided binding biasing movement in one direction: a Brownian ratchet, now proposed to explain membrane motion during a phagocytosis-like process in bacteria.
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In 1905, Albert Einstein published his papers on Brownian motion and put the last nail in the coffin of arguments against the kinetic-molecular view of matter. Molecules are subject to random fluctuations and undergo eternal motion. He showed how random fluctuations in molecules give rise to seemingly purposeful motion, as in the unidirectional flux that arises from diffusion down a gradient (summarized in [1] ). Fifty years later, in 1957, Andew Huxley [2] proposed that thermal fluctuations can give rise to directed motion of biological motors. It was not until the 1990s that theoretical studies by pioneers Fumio Oosawa and George Oster were coupled to biological experimentation by Ron Vale and Sandy Simon, respectively, to develop models involving thermal or Brownian ratchets to explain either mechanisms of mechanochemical transduction of energy or translocation of proteins across membranes [3, 4] .
Although the second law of thermodynamics prohibits the production of heat or work from thermal fluctuations, this only holds true in equilibrium. Biological systems are far from thermodynamic equilibriumequilibrium is synonymous with death, not life. So the gedanken experiments of Maxwell's demon and the Feynman ratchet [5] are gaining increasing attention in biology. A deterministic motor moves because of direct forces applied in the direction of movement, while a Brownian motor uses a chemical reaction to prevent backward displacement, thereby rectifying thermal fluctuations into unidirectional motion [6] . But fluctuations alone cannot do the work: asymmetry is the hidden energy storage, as for example in a concentration gradient or asymmetric potential profile. Asymmetry, or bias, can either exist prior to any interactions, as in rectifying channels for example, or it can be created during ratcheting, as for example in the distinct ATP-bound versus ADP-bound conformations of motor proteins [7, 8] . Now, Brownian ratchets have been proposed as the mechanism of membrane motion during endospore formation in bacteria [9] . While, to most people, bacterial endospores are associated with the dreaded Bacillus anthracis and Clostridium species tetani, botulinum and perfringens, there is a universe of fascinating processes that occur during sporulation that can shed light on similar eukaryotic processes, such as development, membrane remodeling, phagocytosis and, now, the biophysics of membrane motion. Endospores are dormant cells specialized to allow a bacterium to survive adverse environments for long periods, but to return to the usual 'vegetative' state when favorable conditions are restored. Produced by members of the Firmicute family, they are resistant to many of the agents we use to kill bacteria, such as lysozyme, boiling, drying, radiation and disinfectants, such as alcohol and quarternary ammonium compounds (it is a good thing that Eschericia coli does not make endospores or we would now have to autoclave our spinach!).
The first step in the production of an endospore is an asymmetric division of the cytoplasm into two cells: a larger, mother cell and a smaller cell, called the forespore ( Figure 1A ) [10, 11] . Because, in multicellular organisms, the asymmetric division of the cytoplasm marks the first differentiation step of early development, there has been much interest in this process as a model system [11] . Recently, a body of work using fluorescence microscopy of labeled membranes has revealed intriguing aspects of the first stage in endospore formation: engulfment of the newly formed forespore by the mother cell, a phagocytosis-like process in which the forespore becomes wholly enveloped by the mother cell ( Figure 1B) [9, 12] . The first barrier to engulfment is the septum separating the two cells ( Figure 1A ). Bacillus subtilis overcomes this problem during sporulation by using specialized proteins that can remove the peptidoglycan wall. Three proteins are required for degradation of the bacterial wall needed for successful engulfment [12] , and their enzymatic activity suggests a mechanism.
The bacterial wall itself is proposed to play the role of a cytoskeleton during engulfment, where the advancement of the membrane is coupled to the hydrolase activity of membraneanchored proteins. Thus, the peptidoglycan substrate serves as tracks along which the membrane is pulled. Surprisingly, when the cell wall is removed by lysozyme, the engulfment mechanism does not fail: it proceeds even faster, suggesting that the removal of the bacterial wall is the limiting step. Moreover, in the absence of cell wall, the protein machinery described above is no longer needed for engulfment; instead, the engulfment becomes dependent on only two other proteins, SpoIIIAH and SpoIIQ, localized on the mother cell's and forespore's outer membranes, repectively ( Figure 1B) . The tight binding of these proteins to each other in the space between the membranes suggests that their adhesion is essential for engulfment [9] .
For the Brownian ratchet of engulfment proposed by Broder and Pogliano [9] , thermal fluctuations of membrane surface can indeed bring the interacting protein molecules into contact, and the energy of specific bonding used to limit outward fluctuations of the membrane. In this way, the chemical energy of sticky proteins is used to shift the potential energy profile of the system to make interaction of the next pair of sticky molecules more probable. , where pressure load P = 2s/a, and a is half of the thickness of the protrusion (from electron microscopy a w25 nm [12] ; see also Figure 2 ) [13, 14] . Substituting s = 0.03 pN/nm, k B T = 4 pN$nm, b = 20 k B T = 80 pN$nm, and a = 25 nm, we calculate that h w 10 nm. The model predicts thresholds for values of s and b that make fluctuations insufficient to reach the next available protein. Local membrane fluctuations creating high curvature sites can also help to localize specific proteins to the leading edge of the membrane, as suggested for the budding of viral particles [15] . Figure 3 shows a schematic energy profile for the system of two contacting membranes with sticky molecules.
As Broder and Pogliano [9] point out, the success of the engulfment should depend in a threshold-like manner on the amount of proteins. Basically the mean protein-protein distance should be comparable to the amplitude of the membrane fluctuation. We can estimate this minimum number of sticky SpoIIQ proteins on the spore needed for engulfment as follows. A simple square lattice gives us the area per one protein as h 2 = 100 nm 2 , from which we infer that the number of proteins per spore N = pD 2 /h 2 = 3.14(750 nm/10 nm) 2 = 1.7 3 10 4 . Other important issues during engulfment are the volume and surface of the mother cell. Topological rearrangements during engulfment inevitably imply changes of surface to volume ratio during engulfment, otherwise pressure would increase membrane tension and dampen fluctuations (decrease their amplitude). There are two extreme cases. In the first scenario, the volume of mother cell is constant during engulfment. Then, the membrane surface area should increase. The mother cell has length L = 3-4 mm and diameter D = 0.8 mm; the spore is round with D = 0.75 mm. Then the surface area of mother cell should increase by pD 2 w 1.8 mm 2 (w2 3 10 6 lipids) or about 25% of its initial value. In the second scenario, the surface area is constant during engulfment. Then, the volume of the mother cell should decrease by roughly the same 25% or pD 3 /3 w 0.45 mm 3 (if D is constant then L should change by 25% or w1 mm).
In reality, perhaps a combination of both scenarios is present. A small decrease of the volume of the mother cell would decrease tension, increase the amplitude of membrane fluctuations and facilitate membrane invagination on the large scale. On the other side, there could be direct influx of newly synthesized lipid material into the mother cell membrane. Indeed there are indications that de novo lipid biosynthesis is required during engulfment [16] . In both cases engulfment should be sensitive to osmotic effects, and we should look forward to simple tests of these predictions.
The 2006 Nobel prize in physics was awarded to John C. Mather and George F. Smoot for testing the idea that fluctuations after the Big Bang were the driving force for creation of the universe, showing us the density fluctuations thought to give rise to formation of galaxies and the present form of the universe. It may be that random thermal fluctuations are also at the heart of the smallest molecular processes within living organisms that appear to us as purposeful unidirectional motion.
